1. The fatty acid composition of the ole-i and ole-i petite mutants 
1. The fatty acid composition of the ole-i and ole-i petite mutants of Saccharomyces cerevisiae was manipulated by growing the organism in the presence of defined supplements of Tween 80 or by allowing cells that had first been grown in the presence of Tween 80 to deplete their unsaturated fatty acids by subsequent growth in the absence of Tween 80. 2. The transition temperature of Arrhenius plots of mitochondrial ATPase (adenosine triphosphatase) increases as the unsaturated fatty acid content is lowered. 3. Cells require larger amounts of unsaturated fatty acids to grow on ethanol at lower temperatures. 4. Cells that stop growing owing to unsaturated fatty acid depletion at low temperatures are induced to grow further by raising the temperature and this results in a further depletion of unsaturated acids. This is due to a higher rate, but not a greater efficiency, of mitochondrial ATP synthesis. 5. Arrhenius plots of the passive permeability of mitochondria to protons between 4 and 37°C are linear. The rate and the Arrhenius activation energy of proton entry increase greatly as the unsaturated fatty acid content is lowered. 6. Unsaturated fatty acid depletion has the same effects on the proton permeability of ole-i petite mitochondria, indicating that the mitochondrially synthesized subunits of the ATPase are not involved in the enhanced rates of proton entry. 7. The adenylate energy charge of depleted ole-I cells is greatly decreased by growth on ethanol medium. 8. The adenylate energy charge of isolated mitochondria is also lowered by unsaturated fatty acid depletion. 9. The results confirm that unsaturated fatty acid depletion uncouples oxidative phosphorylation in yeast both in vivo and in vitro, and is a consequence of changes in the lipid part of the membrane.
Previous work has shown that the fatty acid composition of the ole-i mutant of Saccharomyces cerevisiae (Resnick & Mortimer, 1966) may be manipulated by growing the organism in the presence of defined supplements of Tween 80 as a source of unsaturated fatty acids . This system enabled us (Haslam et al., , 1973a Haslam & Fellows, 1975) to show that unsaturated fatty acid depletion specifically uncouples oxidative phosphorylation, and is associated with an increased permeability of the mitochondrial membranes to protons. The present work extends these observations by investigating the effects of temperature on the coupling of oxidative phosphorylation and proton permeability, and the possible involvement of the mitochondrial ATPase* in uncoupling. The results show that uncoupling is directly related to changes in lipid composition, is not related to temperature, and does not appear to involve the mitochondrial ATPase.
Experimental

General
Growth media, growth of cells and fatty acid analyses were as described by Proudlock et al. (1971) .
* Abbreviation: ATPase, adenosine triphosphatase.
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The determination ofprotein, isolation ofmitochondria and measurement of P/O ratios were as described . The measurement of the passive permeability of isolated mitochondria to protons was as given previously (Haslam et al., 1973b; Astin & Haslam, 1977) . ATPase activity was measured as described by Cobon & Haslam (1973) .
Yeast strains
The ole-I mutant strain KD1 15 (Resnick & Mortimer, 1966) was that used previously . A cytoplasmic petite derivative of strain ole-i was selected by treating ole-i cells in liquid growth medium with ethidium bromide (50mg/litre) for 16h. This procedure results in the quantitative conversion ofthe cells into cytoplasmicpetite mutants (Perlman & Mahler, 1971) , of which the rho°type predominates. A single clone of the ole-i petite mutant was selected, and was shown to lack respiration and particulate mitochondrial cytochromes.
Determination ofadenine nucleotides
Adenine nucleotides were extracted from whole cells as described by Somlo (1970) . A minimum of 16h was required for complete extraction at 0°C. Adenine nucleotides were extracted from isolated mitochondria (10-20mg of protein) by mixing with an equal volume of ice-cold HC104 (0.8M) plus Na2SO4 (0.6M). The denatured protein was removed by centrifugation at 600g for 5min and a sample of the supernatant was carefully neutralized by adding the appropriate volume of KOH (1 M). KCG04 was removed by centrifugation at 600g for 5 min and the supernatant analysed for AMP, ADP and ATP as described by Adam (1965) Fig. 1 , which shows that, as the proportion of unsaturated fatty acids in the membrane is lowered from 82 to 12 %, there is an increase in the transition temperature from 5 to 35°C. It was noted that cells of the ole-i mutant stop growing on non-fermentable substrates when 20 % of the fatty acids of the mitochondrial membrane lipids are unsaturated, and the temperature ofthe transition in the Arrhenius plot is just below that of the growth temperature (28°C). This could indicate that the increased proton permeability of the unsaturated fatty acid-depleted mitochondria (Haslam et al., 1973b) and the loss of oxidative phosphorylation are a consequence of changes in the mitochondrial proton-translocating ATPase, and are also related to temperature.
Effects of temperature on the growth-limiting unsaturatedfatty acid composition ofyeast cells
To test the hypothesis that temperature affects the consequences of unsaturated fatty acid depletion on the coupling of mitochondrial oxidative phosphorylation in vivo, cells were grown to stationary phase at different temperatures between 4 and 40°C. The cellular fatty acids were initially 80% unsaturated owing to the inoculum being grown in the presence of Tween 80 (1 %, w/v). However, the growth medium contained no unsaturated fatty acids, and growth resulted in a dilution of the unsaturated fatty acids in the membrane by newly formed saturated fatty acids. It was previously known that at 28°C the cells continue to grow on ethanol medium until their unsaturated fatty acid content is 20%, when growth ceases because of the uncoupling ofoxidative phosphorylation . However, on glucose medium energy is obtained by fermentation, and growth proceeds until the unsaturated fatty acid content is 5-7% at 28°C. Fig. 2 shows the relationship between growth temperature and the growth-limiting unsaturated fatty acid content on both ethanol (1 %, w/v) and glucose (5%, w/v) media. At temperatures between 10 and 36°C cells stop growing at a higher unsaturated fatty acid content on ethanol medium than on glucose medium, indicating a specific lesion in mitochondrial oxidative phosphorylation. Below 10°C and above 36°C there is very little growth and hence only small changes in fatty acid composition on either medium. If Fig. 2 is compared with Fig. 1 Table 1 . Re-initiation of the growth of unsaturated fatty acid-depleted cells by raising the temperature Cells were grown on ethanol (1%, w/v) medium as described by Proudlock et al. (1971) in the presence of Tween 80 (1%, w/v). Their fatty acids were initially 80°% unsaturated. The cells were then resuspended in ethanol medium in the absence of Tween 80. In the initial incubation, cells were incubated at 17°C for the times indicated, until their fatty acid composition was that given after 1.1-1.2 cell divisions. For the secondary incubation, cells were harvested at the times indicated in the initial incubation and incubated for a further 24h. The final growth-limiting fatty acid composition is given in the fourth column . Fig. 3 . Relationship between the half-time of entry and Arrhenius activation energy of the passive permeability of mitochondria to protons and membrane fatty acid composition ole-I mitochondria were isolated and their passive permeability to added protons was determined as described by Haslam et al. (I 973b) and is shown in Fig.  4 . The graph shows the relationship between fatty acid composition and the half-time of proton entry at 28°C (e). Arrhenius plots of log (tg-') against 1/T(K) gave straight lines in each of the 12 experiments as shown previously (Haslam & Fellows, 1975) . Arrhenius activation energies were calculated from the slopes of the plots (-). VAL HCII TTFB Fig. 4 . Effects ofchangedfatty acid composition on the rate ofpassive entry ofprotons into mitochondria of the petite ole-i mutant The experimental system is as described by Haslam etal. (1973b) . Mitochondria of thepetite ole-i mutant (5mg of protein) were preincubated for 10min at 28°C in 3.0ml of medium containing KCI (150mM), glycylglycine buffer (2mm, pH6.5), dialysed bovine serum albumin (4mg), EDTA (0.5mM, pH6.5) and antimycin A (5,ug). At the points indicated, HCl (1 .Opmol), 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole (TTFB; 10pM) or valinomycin (VAL; 1 ,ug) were added. Curves A and B, mitochondrial fatty acids were 82Y% unsaturated; curve C, mitochondrial fatty acids were 23°, unsaturated. In curves B and C, TTFB and valinomycin were added. In curve A no further additions were made after the HCJ. The total immediate decrease in pH after addition of HCI was approx. 0.3 pH unit in all three experiments, and is not shown in full; the graphs indicate the subsequent slow entry of protons into the mitochondria. Numbers above the curves indicate the half-times of proton entry. .Cis depleted mitochondria is unaffected by the ATPase inhibitor oligomycin (Haslam & Fellows, 1975) , which would be expected to inhibit proton entry via an aberrant ATPase. Both these factors argue against the involvement of the ATPase in the enhanced proton permeability of unsaturated fatty aciddepleted organelles. As a further test, the cytoplasmic petite mutant of strain ole-i was investigated. This mutant lacks the four membrane-bound mitochondrially synthesized subunits of the ATPase (Tzagaloff et al., 1973) , which are thought to be involved in the proton-translocating function of the enzyme. Fig. 4 shows that petite mitochondria with a high unsaturated fatty acid content have a normal low permeability to protons, whereas depleted organelles have a greatly enhanced proton permeability. It Mitochondria were isolated from the various cell types. In these studies the cells were chilled in ice, and oligomycin was added to prevent the breakdown of ATP within the mitochondria. The energy charge of the mitochondria was lower than that of the whole cells, possibly indicating that in spite of the precautions some breakdown of mitochondrial ATP had occurred. As expected, the energy charge of the unsaturated fatty acid-depleted mitochondria (Types D and E) and of the chemically uncoupled mitochondria (Type B) is lower than that of mitochondria from coupled cells with a normal fatty acid composition (Types A and C). The mitochondrial adenine nucleotide translocase can carry ATP from the cytoplasm into the mitochondria of chemically uncoupled Table 3 . Effects of unsaturatedfatty acid depletion on the adenylate energy charge ofcells and mitochondria Cells were grown, mitochondria were isolated and adenine nucleotides were determined as described in the Experimental section. Cell types and the corresponding mitochondria isolated were as follows. A, Cells grown on glucose (2%, w/v) medium, containing Tween 80 (1%, w/v), whose fatty acids were 80% unsaturated; after harvesting the cells were incubated in glucose (2%, w/v) medium. B, Cells were prepared as in A, but were then incubated in glucose (2y%, w/v) medium containing 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole (20AM). C, Cells were grown as in A and B, and contained fatty acids that were 80% unsaturated; after harvesting, cells were incubated in ethanol (1%, w/v) medium. D, Cells were grown on glucose (2%, w/v) medium containing Tween 80 (100 mg/litre), and the harvested cells contained fatty acids that were 25°% unsaturated; the cells were then harvested and incubated in glucose (2%, w/v) medium. E, Cells were prepared as in D but were subsequently incubated in ethanol (1 %, w/v) medium. Incubations of cells after harvesting were for 10min at 28°C in all experiments. Results are the averages for three separate incubations of cells, and for the corresponding mitochondria ±S.E.
Types of cells and mitochondria However, the adenylate energy charge of unsaturated fatty acid-depleted mitochondria is significantly lower on glucose medium (Type D) than that of mitochondria from chemically uncoupled cells (Type B), with high unsaturated fatty acid content. The mitochondrial adenine nucleotide translocase would be expected to replenish intramitochondrial ATP in both types of mitochondria, by importing ATP generated by glycolysis in the cytoplasm.
Results of Haslam & Fellows (1975) suggested that unsaturated fatty acid depletion inhibits the activity of the adenine nucleotide translocase in vitro in addition to uncoupling oxidative phosphorylation. The present data support the conclusion that in vivo the adenine nucleotide translocase is not functioning normally in unsaturated fatty acid-depleted cells, and this results in lower intramitochondrial concentrations of ATP, which could explain previous observations that unsaturated fatty acid depletion inhibits mitochondrial processes such as protein synthesis (Watson et al., 1971; Marzuki et al., 1975) and DNA synthesis (Marzuki et al., 1974 ) that require intramitochondrial ATP.
